Thermal diffusion coefficients in three ternary mixtures are measured in a thermogravitational column. One of the mixtures consists of one normal alkane and two aromatics ͑dodecane-isobutylbenzene-tetrahydronaphthalene͒, and the other two consist of two normal alkanes and one aromatic ͑octane-decane-1-methylnaphthalene͒. This is the first report of measured thermal diffusion coefficients ͑for all species͒ of a ternary nonelectrolyte mixture in literature. The results in ternary mixtures of octane-decane-1-methylnaphthalene show a sign change of the thermal diffusion coefficient for decane as the composition changes, despite the fact that the two normal alkanes are similar. In addition to thermal diffusion coefficients, molecular diffusion coefficients are also measured for three binaries and one of the ternary mixtures. The open-end capillary-tube method was used in the measurement of molecular diffusion coefficients. The molecular and thermal diffusion coefficients allow the estimation of thermal diffusion factors in binary and ternary mixtures. However, in the ternaries one also has to calculate phenomenological coefficients from the molecular diffusion coefficients. A comparison of the binary and ternary thermal diffusion factors for the mixtures comprised of octane-decane-1-methylnaphthalene reveals a remarkable difference in the thermal diffusion behavior in binary and ternary mixtures.
I. INTRODUCTION
Molecular and thermal diffusion coefficients provide the proportionality relation between diffusion flux in mixtures under concentration and temperature gradients, respectively. These coefficients, especially the thermal diffusion coefficients, are very sensitive to the interaction potentials between different molecules.
There have been extensive experimental and theoretical studies of thermal diffusion coefficients in binary mixtures in literature. To the best of our knowledge, there is no report of measured thermal diffusion coefficients in ternary nonelectrolytes and higher mixtures; Leaist and Hui 1 have measured the Soret coefficients of ternary mixtures of electrolytes using a conductometric technique, which is suitable for electrolyte systems. The technique works well for dilute solutions. Using a forced Rayleigh scattering technique, Gans et al. 2 have measured the Soret coefficients of a polymer and a colloid in ternary mixtures of a polymer and a colloid in a water-ethanol solvent, treating the ternary mixture as a pseudobinary; Gans et al. 3 and Kita et al. 4 have measured the polymer Soret coefficient in ternary mixtures of the same polymer in a water-ethanol solvent mixture. They reported a sign change in the Soret coefficient as the composition of the solvent mixture changes. The work reported in Refs. 2-4 is based on the assumptions of ͑1͒ a negligible cross-molecular diffusion and ͑2͒ a fluid phase ideality, in the sense that there is no volume change on mixing.
There is more complexity in the diffusion coefficients ͑thermal, molecular, and pressure͒ of ternary mixtures in comparison to those of binary mixtures. As an example, in the calculation of thermal diffusion factors in a ternary mixture, the phenomenological coefficients of molecular diffusion are required, in addition to thermal diffusion coefficients. 5 Even for molecular diffusion, the appearance of cross-molecular diffusion complicates the coefficients in ternary and higher mixtures in comparison to those in binary mixtures.
The basic goal of this work is the measurement of thermal diffusion coefficients and thermal diffusion factors in ternary mixtures. Because molecular diffusion coefficients are required in the evaluation of thermal diffusion factors, we have also measured molecular diffusion coefficients for one of the three ternary mixtures to be described shortly. These measurements are believed to provide a base for the theoretical work in thermal diffusion.
There are three major methods which have been used in the measurement of thermal diffusion coefficients in binary mixtures: ͑1͒ the two-bulb approach, ͑2͒ the thermogravitational column, and ͑3͒ the optical methods. The use of the first two methods has been limited to binaries. Optical methods have been used for binaries and for only one species in ternary mixtures. The working equations for the measurement of thermal diffusion coefficients in ternary mixtures can be found in the literature for the thermogravitational-column technique. 6, 7 The thermogravitational-column technique is, therefore, selected in this work because it provides a measurable separation for all species, the availability of working equations, and a well-developed theory.
We used two types of ternary mixtures in our study. In one system, a ternary mixture of n-dodecane, isobutylbenzene, and tetrahydronaphthalene, with equal mass fraction for all components, was used. Different techniques have been used for the measurement of the molecular and thermal diffusion coefficients of the binary mixtures for the above ternary system; the results from these various techniques are in good agreement. 8 In the second ternary system, we have selected a mixture comprised of two similar molecules, n-octane and n-decane, and a third molecule of a different shape, 1-methylnaphthalene; n-decane and 1-methylnaphthalene have similar molecular weights but different densities ͑different molecular shapes͒. Two different compositions in the second ternary system have been selected. In one mixture, all components have equal mass fractions. In the second mixture, the mass fraction of 1-methylnaphthalene is four times greater than that of the two normal alkanes. In addition to the thermal diffusion coefficients in ternaries, we also measured the thermal diffusion coefficients of the three binaries of n-octane, n-decane, and 1-methylnaphthalene. These measurements are conducted to examine the additive rules for the estimation of ternary thermal diffusion coefficients from binary thermal diffusion coefficients, as suggested by Larre et al. 9 We also measured the molecular diffusion coefficients of the binary and ternary mixtures of n-octane, n-decane, and 1-methylnaphthalene to evaluate thermal diffusion factors. This paper is organized as follows: In Sec. II we briefly describe the materials and equipment. We also provide the technique for compositional analysis and measurements of the molecular and thermal diffusion coefficients. In Sec. III we present the mathematical expressions for the determination of the molecular and thermal diffusion coefficients. Section IV provides the results of the measurements and a brief discussion. We conclude the work in Sec. V. Table I shows the binary and ternary mixtures used in this work. The normal alkanes are referred to by their number of carbons atoms ͑nC 8 , nC 10 , and nC 12 ͒; 1-methylnaphthalene is referred to as MN, isobutylbenzene as IBB, and tetrahydronaphthalene as THN. All reagents were purchased from Acros Organics, with 99% purity or higher, except for 1-methylnaphthalene ͑97% purity͒ and tetrahydronaphthalene ͑98% purity͒; all fluids were used without further refining. Measurements for the ternary mixture 1 ͑nC 12 -THN-IBB͒ were performed at 298.15 K ͑temperature used in previous work 10 with the corresponding binaries͒ and atmospheric pressure. Measurements for the other binaries and ternaries were performed at 295.65 K and atmospheric pressure.
II. EXPERIMENTS

A. Materials and equipment
The density was measured by the Anton PAAR densimeter DMA 5000, with an estimated temperature fluctuation of ±0.005 K and an accuracy of ±2 ϫ 10 −6 g/cm 3 . The refractive index measurements were performed using a Bellingham+ Stanley refractometer RFM 340 of accuracy ±4 ϫ 10 −5 , with a water bath for temperature control of ±0.01 K. The samples were weighted on a digital scale with a precision of ±0.0001 g. The viscosity measurements were performed on a Haake Falling-Ball viscometer. The water baths used with the thermogravitational column had a temperature control of ±0.01 K.
B. Composition analysis
In the determination of both molecular and thermal diffusion coefficients, the compositional analysis of the fluid mixture is required. Most analytical methods are not sufficiently sensitive for the determination of composition to our desired accuracy. A very accurate compositional analysis can be inferred from the calibration curves for density in binary mixtures and calibration planes for density and refractive index in ternary mixtures, provided that the density and refractive index of the individual components are significantly different from each other. For our working conditions, the ideal liquid mixture density and refractive index expressions, = ͚͑ i ͑ i / i 0 ͒͒ −1 and n = ͚ i n i 0 x i , do not provide a reliable approach for the calculation of the composition from density and refractive index measurements due to nonideality ͑ i 0 is the density of pure component i, n i 0 is the refractive index of pure component i, x i is the mole fraction of component i, i is the mass fraction of component i, and and n are the mixture mass density and refractive index, respectively͒. However, we can express the density and refractive index as linear functions of the composition. In a ternary mixture, from = ͑ 1 , 2 ͒ and n = n͑ 1 , 2 ͒, we can write 
where 0 = 0 ͑ 1 0 , 2 0 ͒ and n 0 = n 0 ͑ 1 0 , 2 0 ͒ are the reference mass density and refractive index, respectively, and 1 0 and 2 0 are the mass fraction of components 1 and 2 for the mixture of interest. For small composition changes, the derivatives ‫ץ‬ / ‫ץ‬ i and ‫ץ‬n / ‫ץ‬ i ͑i =1,2͒ are constant, and Eqs. ͑1͒ and ͑2͒ can be written as
In Eqs. ͑3͒ and ͑4͒, a i and b i ͑i =0,1,2͒ are constant parameters. From the measurements of and n at various mass fractions close to 1 0 and 2 0 , we obtain the constants a i and b i . Then, for a sample of unknown composition, the mass fractions 1 and 2 are computed from and n by 1 
The mass fraction of the third component is obtained from 3 =1− 1 − 2 . For a binary mixture, we can use Eq. ͑3͒ with = a 0 + a 1 1 ; therefore, density measurements are sufficient for calibration.
For every binary we measure the density of several mixtures with a composition close to the mixture of interest. Then the constants a 0 and a 1 are determined from the data set of and 1 . Our measurements show that the mass expansion coefficient ␥ = ͑1/ 0 ‫ץ͑͒‬ / ‫ץ‬ 1 ͒ is constant in the range of our calibration curve from Eq. ͑3͒ for a binary mixture. For a ternary mixture we require two calibration planes ͓that is, Eqs. ͑3͒ and ͑4͔͒. We prepared about thirty samples with a composition close to the reference sample for compositional analysis. As an example, for the ternary mixture 2 ͑see Table I͒ , where the mass fraction of each components is 0.333, 33 samples of known composition were prepared. The mass fraction of each component was varied from 0.303 to 0.363 with increments of 0.01 between the mixtures.
C. Measurement of molecular diffusion coefficients
The experimental setup and technique for the measurement of the binary and ternary molecular diffusion coefficients were the same as those used by Dutrieux et al., 11 which we briefly outline. Capillary tubes, of 2.91-cm height and 1.5-cm 3 total volume filled with a homogeneous solution of mass fraction 1,0 ͑for the binary mixture͒, are immersed in a bath of large volume ͑approximately 400 cm 3 ͒ with a homogeneous solution of mass fraction 1,ϱ ͑for the binary mixture͒. The solution inside the tubes is more concentrated in the heavier component and denser, and therefore bulk flow due to gravity is avoided as the solution inside the tubes diffuses. After approximately every 8 h, a tube is taken out of the bath and its average mass fraction ͗ 1 ͘ is determined by density measurement. Double-jacketed baths were used to circulate water with a water bath of 0.1-K temperature fluctuations, maintaining a constant temperature.
For the ternary mixtures, we measure the refractive index in addition to the density of the liquid in the tubes. The following analytical expressions for the time variation of the density and refractive index of the ternary liquid mixtures in the tubes provide the composition change of all three species, as we will discuss later.
The parameters c and d are constants. To the best of our knowledge, this is the first time that the open-end capillarytube technique is extended for the measurement of molecular diffusion coefficients for ternary mixtures.
D. Measurement of thermal diffusion coefficients
The experimental setup and technique for the measurement of binary and ternary thermal diffusion coefficients were the same as those used by Dutrieux et al.; 11 they will be discussed here briefly. The column used is shown schematically in Fig. 1 . For binary mixtures, we determine the composition of the five samples taken, at steady state, along the column by density measurements.
For the ternary mixtures, we measure both the density and refractive index. In our experiments the composition variation is small in the column ͑thus Eqs. ͑3͒ and ͑4͒ are valid͒, and the density and refractive index are both observed to be linear functions of the column height; therefore, the composition variation inside the column is also linear. The density and refractive index variations with height can be written as
We combine Eqs. ͑3͒ and ͑4͒ and Eqs. ͑9͒ and ͑10͒ to eliminate and n and obtain expressions for the composition at each sampling point as a function of the sampling point height z and the constants h , c , h n , and c n
The mass fraction of the third component is found by mass balance 3 =1− 1 − 2 .
III. MATHEMATICAL FORMULATION
In this section we first present the expressions that are used to evaluate the molecular diffusion coefficients in both binary and ternary mixtures in a one-dimensional tube. We then present the expressions that can be used in the evaluation of the thermal diffusion coefficients and factors in binary and ternary mixtures.
A. Molecular diffusion coefficient
Binary mixtures
For a binary mixture in the one-dimensional tube, the mass balance of the heavier component is written as
where D is the molecular diffusion coefficient. When density is constant, Eq. ͑13͒ is simplified to
The initial and boundary conditions are, respectively,
In the above equation, 1,0 is the initial mass fraction of component 1 and 1,ϱ is the mass fraction of the same component at the tube outlet ͑the composition in the large container͒. The integration of Eq. ͑14͒ and the use of the boundary and initial conditions given in Eq. ͑15͒ yield the concentration
͑16͒
The average mass fraction of component 1 inside the tube at time t is given in
͑17͒
After a long enough period of time, the dominant term of the series in Eq. ͑17͒ is m = 0; therefore, using m = 0 and rearranging Eq. ͑17͒, we obtain the working equation
͑18͒
The slope of ͑4L 2 / 2 ͒ln͑8͑ 0 − ϱ ͒ / 2 ͑͗͘ − ϱ ͒͒ versus t gives D for the binary mixtures.
In some of our experiments, the mass fraction at the tube outlet 1,ϱ changes slightly due to evaporation. Also, the density varies with both time and position, and therefore Eq. ͑14͒ is not strictly valid. For these reasons, we will use Eq. ͑18͒ to obtain a first estimate for the molecular diffusion coefficients and solve Eq. ͑13͒ using finite difference to obtain a more precise value for D. Our finite-difference scheme consists of 1000 nodes and about 700 equal time steps.
Ternary mixtures
The governing equations for the molecular diffusion of a ternary system can be written in matrix form as
͑19͒
When density is constant, we obtain
The initial and boundary conditions for components 1 and 2 are the same as the ones for the binary mixture, given in Eq.
͑15͒.
The system of Eq. ͑20͒ can be solved by decoupling the two equations, as done by Cussler, 12 and applying the results of the binary mixtures for each decoupled equation. The analytical solution to Eq. ͑20͒ is given in the Appendix. The average mass fraction inside the tubes is given in
where
There are two working expressions, Eqs. ͑21͒ and ͑22͒, and four unknown molecular diffusion coefficients. A nonlinear regression is used to determine the molecular diffusion coefficients for the ternary mixture from average concentrations measured in the tubes at various times.
Similar to the binary mixtures, Eqs. ͑21͒ and ͑22͒ are used to obtain the initial values for the molecular diffusion coefficients, and Eq. ͑19͒ is solved numerically by a finitedifference scheme with 500 nodes and about 240 equal time steps. A nonlinear regression is again used to minimize the residue between the experimental values of compositions and those obtained numerically by the finite-difference scheme.
In the nonlinear regression, the coefficients are generally calculated using a least-squares approach. 13 Nonphysical molecular diffusion coefficients may arise from the calculations; therefore, constraints are implemented to avoid unphysical coefficients. Taylor and Krishna 14 provide the four restrictions on the molecular diffusion coefficients
We use a least-squares procedure that follows the simplex method; it does not require analytical or numerical gradients. The minimized variable is the root mean square ͑rms͒ of the difference between the calculated and measured values for the average composition of components 1 and 2 in the tubes.
B. Thermal diffusion coefficient
In a multicomponent mixture, the mass diffusion flux is generally given in
͑29͒
In Eq. ͑29͒ D ij is the mass-based molecular diffusion coefficient ͑the mole-based molecular diffusion coefficients will be presented later͒ and D i T is the thermal diffusion coefficient of component i ͑it is also mass based͒.
There is confusion in the definition of terms for the thermal diffusion coefficients in literature. Sometimes the second term of the flux expression is assigned a negative sign arbitrarily. The sign convention adopted for binary mixtures by some authors often conflicts with thermodynamic stability analysis. 5 In binary mixtures when the thermal diffusion coefficient ͑also the thermal diffusion factor and ratio, as well as the Soret coefficient͒ is negative, the component should segregate to the hot side. For ternary and higher mixtures, the sign of the thermal diffusion coefficient does not necessarily determine the direction of component migration. In a ternary mixture when cross-molecular diffusion coefficient is nonzero, the composition gradient of, say, species one is related to the composition gradient of species two, and the same is true for the temperature gradient. Depending on the magnitude of the thermal diffusion and cross molecular diffusion coefficients, species one may segregate to the cold side with either positive or negative thermal diffusion coefficient. Many authors use a different form of Eq. ͑29͒, and various authors use different symbols; they define a so-called thermal diffusion coefficient D -
12
T which relates to D 1 T in a binary mixture by
In order to relate binary and ternary thermal diffusion coefficients, Larre et al. 9 suggested an additive rule. In their formulation, the thermal diffusion coefficients D 1 T and D 2 T of species 1 and 2 in a ternary mixture are given in
Furry et al. 15 developed a theory for determining the thermal diffusion coefficients of binary gas mixtures in a thermogravitational column, and Majumdar 16 generalized it to concentrated solutions. More recently, Marcoux and Charrier-Mojtabi 6 have extended the theory to ternary mixtures, and Haugen and Firoozabadi 7 made a generalization for multicomponent systems. The simplifying assumptions are that the aspect ratio L z / L x of the thermogravitational column is very high ͑so that the horizontal velocity component is negligible͒, there is no vertical temperature gradient, the linear Boussinesq approximation is valid, and the density is only a function of T ͑the so-called "Forgotten effect"͒. In our experiments, the column dimensions allow us to neglect the molecular diffusion in the vertical direction in comparison to the vertical convection. The following approximate equations give the thermal diffusion coefficients for component i in a binary and in a ternary mixture, 6, 7 respectively,
L z for a ternary mixture. ͑34͒
Note that Di T and D i T represent different definitions of these coefficients. In Eqs. ͑33͒ and ͑34͒, ␣ is the thermal expansion coefficient ͑␣ = − 0 −1 ‫ץ‬ / ‫ץ‬T͒, g is the gravitational acceleration, L x is the column width, is the viscosity, ⌬ = ͑ top − bottom ͒, and L z is the height of the column. Once the molecular and thermal diffusion coefficients are determined for a binary mixture, the thermal diffusion factor ␣ 1 T can be determined in
The thermal diffusion factor is perhaps the most useful parameter in comparing the thermal diffusion effect in binary mixtures. It is dimensionless and has less compositional dependency than the thermal diffusion ratio and thermal diffusion coefficient D i T . While in a binary mixture the thermal diffusion factor can be calculated without the need for the phenomenological coefficients, this is not generally the case in a ternary mixture. In a ternary system, the thermal diffusion factor ␣ i T is given in
where c is the molar density of the mixture, M i and M c are the molecular weights of component i and the reference component, respectively, M is the average molecular weight of the mixture, R is the universal gas constant, D i T M is the molebased thermal diffusion coefficient, which is related to the mass-based thermal diffusion coefficients from Eq. ͑34͒ by
, and L ii is the phenomenological coefficient, which is related to the mole-based molecular diffusion coefficients in a ternary mixture by
and
The parameters c 1 -c 4 are defined in
In Eqs. ͑41͒-͑44͒ f kj = ‫ץ͑‬ ln f k / ‫ץ‬x j ͒, which is the derivative of the fugacity of component k with respect to mole 10 . The parameters a 0 and a 1 are the coefficients for the calibration curves in the binaries ͓see Eq. ͑3͔͒. The accuracy of the viscosity measurements is 0.7% on average. fraction of component j. The related term ‫ץ‬ ln f k / ‫ץ‬ ln x j provides a measure of nonideality. 18 The relationship between the matrices of the mole-based D ij M = and the mass-based D ij = molecular diffusion coefficient is given in
where 
IV. RESULTS AND DISCUSSION
In this section we will first present the expansion coefficients and other relevant data of binary and ternary mixtures followed by the molecular diffusion coefficients of nC 8 -nC 10 , nC 8 -MN and nC 10 -MN. Then, the molecular diffusion coefficients of ternary mixture 2 are reported. Next, we present the thermal diffusion coefficients of the nC 8 -nC 10 , nC 8 -MN, and nC 10 -MN binaries and those of the three ternary mixtures. Table II shows the expansion coefficients, viscosity, and other parameters for the binary mixtures. In the determination of viscosity, we conducted several measurements for each sample.
A. Expansion coefficients and calibration curves/ planes
For the ternary mixtures, from the density and refractive index measurements of about 30 samples, the equations of the two calibration planes are obtained by the least squares. The maximum errors ͑absolute value of the maximum difference between the calculated and the experimental values͒ of the density calibration planes were 1.141ϫ 10 −4 g/cm 3 for mixture 1, 4.046ϫ 10 −4 g/cm 3 for mixture 2, and 9.823 ϫ 10 −5 g/cm 3 for mixture 3; the maximum errors for the refractive index calibration plane were 6.710ϫ 10 −5 g/cm 3 The maximum relative error is less than 0.1% for both density and refractive index.
for mixture 1, 2.335ϫ 10 −4 g/cm 3 for mixture 2, and 1.101 ϫ 10 −4 g/cm 3 for mixture 3. Figure 2 shows the density and refractive index planes for mixture 2. Similar results were obtained for mixtures 1 and 3 ͑not shown here for the sake of brevity͒. Table III presents the linear coefficients for the calibration planes of ternary mixtures 1, 2, and 3 and other important parameters. Figure 3͑a͒ shows a plot of ͑4L 2 / 2 ͒ln͑8͑ 1,0 − 1,ϱ ͒ / 2 ͑͗ 1 ͘ − 1,ϱ ͒͒ versus time for the binary mixtures nC 8 -nC 10 , nC 8 -MN, and nC 10 -MN, all with 50 wt % of each component. The slopes of the lines give the approximate value of D, in m 2 / s. Note that because we have used only the first term of the series in Eq. ͑17͒, the plot does not pass through the origin. Figure 3͑b͒ depicts the results for the finite-difference scheme which yields the smallest error between the experimental and numerical values; the molecular diffusion coefficients are shown in the same figure. The uncertainty of the measurements is estimated to be of the order of 5%. Lo 19 measured the molecular diffusion coefficients for the binary mixtures nC 7 -nC 10 and nC 8 -nC 14 10 and nC 8 -nC 14 , respectively. We expect the molecular diffusion coefficient of the binary nC 8 -nC 10 to be close to that of nC 7 -nC 10 and within the range above. Our value of 2.19ϫ 10 −9 m 2 /s ͓Fig. 3͑b͔͒ agrees well with the value for nC 7 -nC 10 , within the slight temperature difference and experimental error. Figure 4 shows the measured density and refractive index of the liquid in the tubes versus time for ternary mixture 2. The fit of Eqs. ͑7͒ and ͑8͒ to the data in this figure is also shown as dashed lines. These equations describe the measured data well. From the density and refractive index at time t, we determine the mass fraction of the three components using Eqs. ͑5͒ and ͑6͒. The mass-based molecular diffusion coefficients using constrained nonlinear regression for the finite-difference scheme are listed in Table IV . The molebased molecular diffusion coefficients D M ͓from Eq. ͑45͔͒ and the phenomenological coefficients L ͓from Eqs. ͑37͒-͑44͔͒ are shown in Table IV . The maximum rms for the nonlinear regression is 0.0050. The cross-phenomenological coefficients L 12 and L 21 have similar values, which is expected by the Onsager reciprocal relation. Figure 5 shows the variation of the average composition for all the components, from experiments and from calculations using the finitedifference scheme. There is good agreement between the experimental average composition data and those obtained by the linear regression. We estimate the error of the molecular diffusion coefficient calculation to be in the order of 30%. In this work we used the Peng-Robinson equation of state, with appropriate critical properties and shift parameters, to calculate the derivatives f kj = ‫ץ‬ ln f k / ‫ץ‬x j in Eqs. ͑41͒-͑44͒. The derivatives are also shown in Table IV . Because ‫ץ‬ ln f k / ‫ץ‬ ln x j and ‫ץ‬ ln f k / ‫ץ‬ ln x k deviate from zero and one, respectively, the ternary mixture 2 does not behave ideally. Figure 6 depicts the density variation in the thermogravitational column at steady state with height for the nC 10 -MN mixture; note that MN segregates to the bottom of the column. We performed duplicate runs with excellent agreement. Similar results were obtained for the other four binary mixtures ͑not shown for brevity͒. Table V shows the slopes of the density and mass fraction for all binary mixtures, along with the thermal diffusion coefficients from Eq. ͑33͒ and the thermal diffusion factors from Eq. ͑35͒ for the three mixtures for which we determined the molecular diffusion coefficients. The mixture nC 8 -nC 10 has a small thermal diffusion coefficient and a large molecular diffusion coefficient, therefore ␣ T is very small for this system; that is, a temperature gradient does not have a large separation effect for the nC 8 -nC 10 mixture. The thermal diffusion factors for the mixtures MN-nC 8 and MN-nC 10 are large and do not differ significantly, since the two n-alkane molecules differ only by two carbon atoms. Figure 7 shows the variation of the density and refractive index along the column for ternary mixture 2. The linear variation validates the expressions of the density and refractive index as linear functions of height, as described in Eqs. ͑9͒ and ͑10͒. Similar results were obtained for mixtures 1 and 3. Figure 8 depicts the essence of our measurements for the three ternary mixtures, where the change in composition is shown for all the components for mixtures 1, 2, and 3. Note that the thermogravitational-column technique can detect small changes in composition, such as for IBB shown in Fig.  8͑a͒ . The results presented in Fig. 8 for the three ternary mixtures reveal that the thermogravitational column is a viable tool for the measurements of thermal diffusion coefficients in ternary mixtures. We believe this technique can also be used in multicomponent mixtures with more than three components; the challenge is the compositional analysis for such mixtures.
B. Molecular diffusion coefficients
Binary mixtures
Ternary mixtures
C. Thermal diffusion coefficients
Binary mixtures
Ternary mixtures
In ternary mixtures 2 and 3, the component with intermediate density, nC 10 , has a positive slope in mixture 2, behaving as a light component and segregating to the top of the column, and a negative slope in mixture 3, behaving as a heavy component and segregating to the bottom of the column. The sign change in slope results in a sign change of the thermal diffusion coefficient of nC 10 . That is, a change in the composition of the mixtures causes a sign change in the thermal diffusion coefficient of nC 10 . Despite similar properties of nC 8 and nC 10 , the ternary mixture nC 8 -nC 10 -MN does not behave as a pseudobinary. The change in sign of the thermal diffusion coefficients has been widely reported in the literature for binary mixtures. 20, 21 References 2-4 report a sign change in the Soret coefficient of polymers and colloids with composition change of the solvent mixture, for mixtures of polymers and colloids in two solvents. For poly͑ethylene oxide͒ ͑PEO͒ mixtures, the thermal diffusion coefficient of PEO changes from negative to positive as the water content increases; for the colloidal boehmite ͑␥-AlOOH͒ rods, the thermal diffusion coefficient changes from positive to negative with increasing water content. Note that for the ternary mixtures used in this work we cannot define a Soret coefficient in the same way it is defined in Refs. 2-4 due to fluid nonideality ͑volume change on mixing͒ and nonzero crossmolecular diffusion coefficients.
For ternary mixture 3, which has greater difference in mass fractions between the components, the separation is greater for nC 8 and nC 10 than for ternary mixture 2. A comparison of the segregation results for the binary and ternary mixtures for the species nC 8 , nC 10 , and MN suggests significant differences in the behavior of thermal diffusion. Reference 1, which is the only literature source for the measurement of thermal diffusion coefficients ͑more specifically Soret coefficients͒ in ternary mixtures ͑for electrolytes͒ to the best of our knowledge, also reveals a remarkable difference between the thermal diffusion in binary and ternary mixtures in electrolytes. In the NaOH-water and NaCl-water binaries and the NaOH-NaCl-water ternary, NaOH and NaCl segregate to the cold side in the binary mixtures, but NaCl segregates to the hot side in the ternary mixture. Table VI summarizes the results for the ternary mixtures, including the thermal diffusion factor ␣ i T for ternary mixture 2. Note that there is a large difference between the thermal diffusion factors of nC 8 Table VII we compare the measured thermal diffusion coefficients to those obtained using the additive rule described in Eqs. ͑31͒ and ͑32͒. The binary data used for the nC 12 -THN-IBB mixture was obtained from a previous work. 10 For the ternary mixture 1, the additive rule results are in agreement with the data. For the ternary mixture 2, the agreement deteriorates. For ternary mixture 3, the rule predicts poorly the thermal diffusion coefficients of nC 8 and nC 10 . Even the sign from Eq. ͑32͒ is incorrect for the thermal diffusion coefficient of nC 10 .
V. CONCLUSIONS
We have measured the thermal diffusion coefficients for two types of ternary mixtures using the thermogravitationalcolumn technique. This is the first report of such measurements in a ternary mixture in the literature for a nonelectrolyte system. The results demonstrate that thermal diffusion coefficients can be measured in a thermogravitational column. We have also measured the molecular diffusion coefficients in a ternary mixture using the capillary-tube method. This is also the first report of such measurements in a ternary mixture in the open-ended capillary-tube method. The results and the working equations show the reliability of measuring the diagonal and cross-diagonal molecular diffusion coefficients in ternary mixtures by this method.
Ternary molecular diffusion coefficients are used to calculate the phenomenological coefficients related to molecular diffusion. These coefficients and thermal diffusion coefficients are used to calculate the thermal diffusion factors in one of the ternary mixtures. The results show that the binary and ternary thermal diffusion factors for the same species are very different.
A comparison of the measured thermal diffusion coefficients of the binary mixtures nC 8 -MN and nC 10 -MN and ternary mixture nC 8 -nC 10 -MN show that the ternary mixture is not a pseudobinary mixture. In the ternary mixture, the thermal diffusion coefficient of nC 10 changes sign as the concentration of the mixture changes. 
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APPENDIX: ANALYTICAL SOLUTION TO TERNARY MOLECULAR DIFFUSION
In this appendix, the analytical solution of Eq. ͑20͒ is obtained. The matrix D = in Eq. ͑20͒ can be diagonalized such that
Where E = is the eigenvalue matrix and the matrix P = contains the eigenvectors Substituting Eq. ͑A1͒ into Eq. ͑20͒ we get
where គ is the column vector of mass fractions, ٌ t = ‫ץ‬ / ‫ץ‬t and ٌ 2 = ‫ץ‬ 2 / ‫ץ‬z 2 . Equation ͑A6͒ can be multiplied by P = −1 to give 
͑A12͒
The conversion of expressions ͑A11͒ and ͑A12͒ into mass fractions is given by in The symbol * stands for initial ͑ 0 ͒, boundary ͑ ϱ ͒, or average concentration. Substituting Eqs. ͑A13͒ and ͑A14͒ into ͑A11͒ and ͑A12͒, we get 
